We hypothesize that nitroglycerin (NTG) causes direct oxidation of multiple cellular sulfhydryl (SH) proteins and that manipulation of SH redox status affects NTG tolerance. In LLC-PK1 cells, we found that nitrate tolerance, as indicated by cGMP accumulation toward NTG, was accompanied by increased protein [
one led to several major observations associated with nitrate tolerance, namely, reduced cGMP accumulation, PSSG formation, superoxide accumulation, and the attenuation of these events by vitamin C. Aortic S-glutathionylated proteins increased approximately 3-fold in rats made tolerant in vivo to NTG and showed significant negative correlation with vascular responsiveness ex vivo. NTG incubation in EA.hy926 endothelial cells and LLC-PK1 cells led to increased S-glutathionylation and activity of p21 ras , a known mediator of cellular signaling. These results indicate that the hallmark events of NTG tolerance, such as reduced bioactivation and redox signaling, are associated with GRX-dependent protein deglutathionylation.
Pharmacological tolerance toward organic nitrates such as nitroglycerin (NTG) has been known for over a century. This phenomenon is associated with an array of events, including immediate consequences such as reduction in vascular response and metabolic bioactivation, as well as downstream events such as enhanced vasoconstrictiveness, withdrawal rebound, and gene regulation (for reviews, see Fung, 2004; Mü nzel et al., 2005) . Several major hypotheses have been advanced to explain this phenomenon, including sulfhydryl depletion (Needleman and Johnson, 1973) , superoxide (O 2 . ) generation leading to oxidative stress (Mü nzel et al., 1995) , and inactivation of mitochondrial aldehyde dehydrogenase (ALDH2) (Chen et al., 2002) . Recently, Wenzel et al. (2007) observed that "mitochondrial oxidative stress (especially superoxide and peroxynitrite) in response to organic nitrate treatment may inactivate ALDH2, thereby leading to nitrate tolerance." These investigators therefore viewed oxidative stress in nitrate tolerance to precede ALDH2 inactivation. We showed recently (Tsou et al., 2008) that O 2 . generation, particularly through the NADPH oxidase (NOX) system, cannot account for nitrate tolerance initiation. Therefore, in our view, the initiating biochemical reactions that lead to NTGinduced oxidative stress are still undefined. We have shown previously that NTG reacts nonselectively with thiol compounds, producing its dinitrate metabolites (Chong and Fung, 1989) . NTG also oxidizes the SH groups of ALDH2 (Wenzel et al., 2007) and glutathione transferase (Lee and Fung, 2003) . Thus, NTG-mediated protein SH oxidation may not be selective. Recently, protein S-glutathionylation (PSSG), an oxidative reaction between cellular proteins and glutathione (GSH), has been identified as an important mechanism in redox regulation under physiological conditions (Klatt and Lamas, 2000) . For example, S-glutathionylation of p21 ras at cysteine 118 has been shown to mediate its activation and downstream signaling in endothelial cells (Clavreul et al., 2006a) . Deglutathionylation is efficiently catalyzed by the thiol-disulfide oxidoreductase glutaredoxins (GRX) (Fernandes and Holmgren, 2004) .
Based on these considerations, we hypothesize that nitrate tolerance may be initiated by nonselective SH oxidation of multiple cellular proteins [protein sulfhydryls (PSH) ] that contain sensitive thiol groups. Depending on the protein affected, different events will result. Thus, SH oxidation of ALDH2 and other metabolizing enzymes for NTG will lead to reduced bioactivation of the organic nitrate to NO (Beretta et al., 2008) , whereas oxidation of the xanthine oxidoreductase (XOR) system leads to the activation of xanthine oxidase (XO), resulting in increased O 2 . accumulation (Tsou et al., 2008) . Glutathionylation of SH-sensitive signaling proteins such as p21 ras , we surmise, may account for the downstream effects of nitrate tolerance, such as withdrawal rebound and vascular gene regulation.
The objective of this study, therefore, was to examine the relevance of multiple protein S-glutathionylation in nitrate tolerance. We first examined whether multiple protein Soxidation occurred under in vitro and in vivo nitrate tolerance conditions. Next, we studied whether altering the extent of S-glutathionylation would affect the extent of NTGinduced tolerance. This alteration was achieved by manipulating the expression of the cellular GRX system or by external addition of oxidized glutathione (GSSG), an agent known to promote S-glutathionylation.
Materials and Methods
Detailed materials and methods approximately cell culture, cell tolerance induction, protein [
35 S]cysteine incorporation, Western blots, enzyme activity assays, and superoxide measurement can be found in the Supplemental Data at http://jpet.aspetjournals.org/.
Overexpression of GRX. When LLC-PK1 cells became approximately 50% confluent, they were passaged and grown in media without antibiotics before the transfection. Cells were transfected with 5 g of either the pcDNA3-His-GRX vector (kindly donated by Dr. Yong J. Lee, University of Pittsburgh, Pittsburgh, PA) or a sham, empty pcDNA3.1(ϩ) expression vector using Lipofectamine reagent (Invitrogen, Carlsbad, CA), which was diluted with Opti-MEM I reduced serum media (Invitrogen). Five micrograms of vector was diluted in 300 l of Opti-MEM I. The Lipofectamine reagent mixture and vector DNA mixture were combined and incubated at room temperature for 45 min to allow the complex to form. After 45 min, an equal volume of Opti-MEM I was added to the complex mixture. Diluted complex mixture (1.2 ml) and 1.2 ml of blank Ham's F-12 media were then added to each flask of cells. The cells were incubated at 37°C with 5% CO 2 for 20 to 24 h. The transfection reaction was stopped by adding 2.4 ml of Ham's F-12 media with twice the normal concentration of FBS (30%) without antibiotics. Cells were harvested 24 h after terminating the transfection reaction. At the end of the experiment, cells were lysed using a Triton X lysis buffer containing 2% Triton X and 1:10 dilution of protease inhibitor cocktail in distilled water. The supernatant fractions were used for Western blotting and activity assay.
Silencing of GRX Expression. RNA silencing technique was used to suppress GRX expression in LLC-PK1 cells. GRX siRNA (5Ј-GCUCCUCAGCCAAUUGCCCUUCAAA-3Ј) was designed and manufactured by Invitrogen. A scrambled sequence containing the same GC content as the GRX siRNA (5Ј-GCUACUCCGUA-ACGUUCCCUCCAAA-3Ј) was used as negative control. LLC-PK1 cells from a 50% confluent T75 flask were plated in 6 T25 flasks with F-12 medium containing 15% FBS without antibiotics. They were grown overnight in 37°C, 5% CO 2 incubator until ϳ20 to 50% confluent. On the day of transfection, the siRNAs were diluted in Opti-MEM I reduced serum medium to make 1 to 3 M (250 -750 pmol). For each flask, Lipofectamine 2000 (final concentration, 2 g/ml) was diluted in Opti-MEM I reduced serum medium and incubated for 5 min at room temperature. After the incubation, it was mixed with the diluted oligonucleotides for 20 min at room temperature to allow complex formation to occur. The complexes were then added to each flask containing 4 ml of antibiotic-free F-12 medium containing 15% FBS. The cells were allowed to grow for 24 to 72 h and harvested for GRX activity assay at 24, 48, and 72 h after transfection. The cells treated with 3 M siRNA for 24 h were found to have the best inhibitory effect, and this condition was chosen for subsequent tolerance studies.
In Vivo Tolerance Induction. All procedures were performed according to protocols approved by the SUNY Institutional Animal Care and Use Committee. Mini osmotic pumps (2ML1) primed with NTG solution (5 mg/ml) were implanted on the back of SpragueDawley rats (200 -225 g) slightly posterior to the scapulae to achieve subcutaneous delivery of the drug. According to the manufacturer, the flow rate was set at 10 l/h, and the amount of NTG released was anticipated to be 50 g/h. At 72 h after implantation, each animal was anesthetized with a mixture of ketamine (90 mg/kg) and xylazine (9 mg/kg), and the thoracic aorta was collected for vascular relaxation studies. The rest of the aorta, along with the abdominal artery, was saved for PSSG enzyme-linked immunosorbent assay (ELISA). Where applicable, cellular GSH and GSSG concentrations were measured by high-performance liquid chromatography (AyalaFierro and Carter, 2000) .
Protein S-Glutathionylation ELISA. Frozen rat blood vessels or cell lysates were homogenized in lysis buffer containing 2% Triton X and protease inhibitors. After centrifugation, the supernatant was collected for protein assay and PSSG determination by ELISA. Lysates were diluted to 10 g/ml with phosphate-buffered and were incubated in 96-well plates (100 l/well) overnight at 4°C. After washing with phosphate-buffered saline/Tween 20, the plate was incubated with antibodies against S-glutathionylated proteins (diluted 1:1000) for 2 h at room temperature. The plate was washed and incubated with anti-mouse IgG-alkaline phosphatase conjugate (1: 500) for 1 h at room temperature. The absorbance was monitored for 10 min at 405 nm after adding the substrate p-nitrophenyl phosphate (SIGMAFAST p-nitrophenyl phosphate tablets, final concentration, 1 mg/ml; Sigma-Aldrich, St. Louis, MO). The slope (Abs/min) of the absorbance-time plot was used for comparison. The assay was validated using S-glutathionylated creatine kinase (CK) as positive controls. There was excellent correlation between the slope and the S-glutathionylated CK concentrations, with r 2 ϭ 0.97.
S-Glutathionylation of p21
ras by NTG. The human vascular endothelial cell line EA.hy926 (gift from Dr. M. Edgell, University of North Carolina, Chapel Hill, NC) was cultured in high glucose Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and antibiotics (100 U/ml penicillin and 100 g/ml streptomycin). Cells grown to confluence were washed with serum-free medium and incubated in serum-free media containing 0.1 mM NTG (American Regent, Shirley, NY) or in solvent control (30% propylene glycol/30% ethanol) for 48 h. Tolerance was induced in LLC-PK1 cells by incubating with 0.1 mM NTG for 5 h. Activation of p21 ras was assessed in both cell lines using a Ras activation assay kit (Millipore Bioscience Research Reagents, Temecula, CA). In brief, the activated p21 ras was immunoprecipitated by Raf-1 RBD agarose (glutathione agarose beads). The beads were then boiled in reducing loading buffer, resolved by electrophoresis, transferred to nitrocellulose membrane, and probed with a monoclonal anti-Ras antibody. The S-glutathionylated protein bands (21 kDa) were quantified via a Kodak Image Station 2000 mm (Eastman Kodak, Rochester, NY).
Statistical Analysis
All data are presented as mean Ϯ S.D. unless stated otherwise. For comparison of two groups, Student's t test was used. Compari- sons among different pretreatments were made using one-way ANOVA. Statistical significance was then determined by Tukey's post hoc test (SPSS 11.x; SPSS, Inc., Chicago, IL). Correlation between EC 50 values and PSSG in rat aorta was examined by Pearson correlation test (SPSS 11.x) . Dose-responses of cGMP after different treatments were compared by two-way ANOVA with post hoc analysis (MINITAB 14.x; Minitab, Inc., State College, PA). Differences with p Ͻ 0.05 were denoted as statistically significant.
Results
Tolerance Induction by NTG in LLC-PK1 Cells. Pretreatment of LLC-PK1 cells with either 1 or 100 M NTG for 5 h decreased NTG-induced cGMP production significantly in a dose-dependent manner (p Ͻ 0.001, one-way ANOVA; Fig.  1 ), confirming the induction of cellular nitrate tolerance. In contrast, preincubation of S-nitroso-N-acetyl-L-penicillamine (SNAP), a spontaneous NO donor, did not decrease the responsiveness of these cells toward NTG (control: 27.3 Ϯ 5.0 versus SNAP: 24.6 Ϯ 2.8 pmol/mg protein; p Ͼ 0.05). Preincubation of 10 mM vitamin C alone had no effect on cGMP accumulation after NTG induction, but it attenuated NTGinduced tolerance at both NTG concentrations (p Ͻ 0.001, one-way ANOVA; Fig. 1 data not shown). Autoradiography and densitometric analyses indicated (Supplemental Fig. 1A ) that multiple proteins incorporated [
35 S]cysteine under tolerance conditions, and statistical significance was noted for proteins with approximate molecular masses of 11, 13, 17, 20, 23, 25, 30, 33, and 35 kDa (p Ͻ 0.05; Supplemental Fig. 1B) . As measured by PSSG ELISA, cells treated with NTG showed significantly higher levels of total S-glutathionylated proteins (control: 0.09 Ϯ 0.04 versus 0.14 Ϯ 0.07 Abs/min; p Ͻ 0.05). Western blotting showed with a glutathione-specific antibody that multiple proteins in LLC-PK1 cells were S-glutathionylated after pretreatment with NTG (Supplemental Fig. 1C) , which was significantly reduced in the presence of vitamin C. Several proteins (with approximate molecular masses of 20, 25, 33, and 40 kDa; p Ͻ 0.05 versus control; Fig. 1D ) were S-glutathionylated when tolerance was induced, some of which (those with molecular masses of 25, 33, and 105 kDa) were reduced upon coincubation of vitamin C (p Ͻ 0.01 versus NTG, one-way ANOVA).
Basal cellular GSH and GSSG levels in LLC-PK1 cells were found to be 0.056 Ϯ 0.009 and 0.0045 Ϯ 0.0004 nmol/g protein, respectively, compared with literature values of approximately 0.4 and 0.001 nmol/g protein, respectively (Ayala-Fierro and Carter, 2000) . These discrepancies might arise from differences in the cell culture conditions. NTG treatment did not alter intracellular GSH content in LLC-PK1 cells (control: 0.091 Ϯ 0.031 versus NTG: 0.101 Ϯ 0.018 nmol/g protein), consistent with a report by Boesgaard et al. (1994) . In addition, cellular GSSG levels were not significantly altered (0.0058 Ϯ 0.0041 versus 0.0037 Ϯ 0.0004 nmol/g protein).
Effect of NTG Tolerance on p21 ras Activation. Treatment of EA.hy926 endothelial cells and LLC-PK1 cells with NTG resulted in significant increases in p21 ras activity compared with controls. As measured by S-glutathionylation, p21 ras activation was increased to 136 Ϯ 28 and 128 Ϯ 49% of normalized controls by NTG, in EA.hy926 and LLC-PK1 cells, respectively (p Ͻ 0.05 in each case).
Effect of GRX Expression on NTG Tolerance. Successful overexpression of GRX-1 was validated by Western blot and GRX activity assay ( Fig. 2A, inset) , and an increase in GRX activity of approximately 5-fold was achieved ( Fig. 2A) . We found the GSH/GSSG ratio in LLC-PK1 cells to be unaltered from its basal value; therefore, GRX catalysis of protein S-glutathionylation (Beer et al., 2004 ) was unlikely to occur in our system. Indeed, using the PSSG ELISA assay we developed, we found the extent of PSSG in sham-transfected cells to be approximately 2-fold higher than that in GRXoverexpressed cells (0.375 Ϯ 0.09 versus 0.208 Ϯ 0.06 Abs/ min; p Ͻ 0.05, Student's t test). NTG dose-dependently inactivated the overexpressed GRX activity (p Ͻ 0.001; Fig. 2A) ; however, under our experimental conditions, GRX activity was still approximately 2-to 3-fold higher than their corresponding controls. Because NTG inactivated GRX activity, a lower NTG dose and a shorter incubation time were used to induce tolerance. Sham-transfected cells pretreated with 0.1 M NTG for 3 h showed a significant rightward shift of the NTG dose-cGMP response curves versus control, consistent with cellular tolerance development (p Ͻ 0.001, two-way ANOVA; Fig. 2B ). In the GRX-overexpressed cells, the NTGresponse curves of control and NTG-pretreated cells were significantly different from each other (p Ͻ 0.001, two-way Fig. 2C ). However post hoc analysis showed the significance occurred only at the 10 M dose, suggesting lack of tolerance at the lower concentrations. GRX-1 siRNAs were then used to suppress endogenous GRX-1 activity in LLC-PK1 cells. We observed the best reduction of GRX activity (approximately 50%) when cells were transfected with 750 pmol of GRX siRNAs for 24 h (sham:
of tolerance after incubation with 0.1 M NTG for 3 h. In the sham-transfected group, cGMP levels stimulated by NTG were 31.2 Ϯ 2.7 and 19.6 Ϯ 3.7 pmol/mg protein for vehicle and NTG-pretreated cells, resulting in approximately 40% reduction in cGMP response after NTG tolerance. In GRXsilenced cells, the cGMP levels in vehicle and NTG-treated cells were 33.5 Ϯ 2.2 and 13.7 Ϯ 1.4 pmol/mg protein, respectively, resulting in 60% reduction after NTG treatment. Twoway ANOVA indicated that a significant difference was observed between type of transfection (sham-or GRX siRNAtransfected groups) and type of treatment (vehicle or NTG preincubation), suggesting the extent of tolerance in control and GRX siRNA-treated cells were different.
NTG Tolerance Inactivated Thiol-Sensitive Enzymes. The cellular activity of CK, a sulfhydryl-sensitive enzyme, was reduced significantly by 1 and 100 M NTG under tolerance conditions (control: 0.45 Ϯ 0.01 U/mg protein, 1 M NTG: 0.41 Ϯ 0.02 U/mg protein, 100 M NTG: 0.37 Ϯ 0.01 U/mg protein; p Ͻ 0.05 versus control). SNAP incubation did not affect CK activity in these cells (control: 0.31 Ϯ 0.04 U/mg protein versus SNAP: 0.43 Ϯ 0.15 U/mg protein). Under nitrate tolerant conditions, XOR activity was significantly decreased as well (1.54 Ϯ 0.16 U/mg protein for control versus 1.03 Ϯ 0.24 U/mg protein for NTG; p Ͻ 0.05).
Effect of GSSG on Protein S-Glutathionylation and NTG-Stimulated cGMP. Intracellular GSSG in LLC-PK1
cells elevated approximately 95-fold when extracellular GSSG concentration was increased from 50 M to 25 mM. This is possibly mediated by the abundant expression of ␥-glutamyl transpeptidase on the apical membrane of these cells when confluent (Rabito et al., 1984) . This enzyme plays a crucial role in the ␥-glutamyl cycle and catabolizes GSH and GSSG into intermediate peptides or amino acids that can be taken up by cells (Jones et al., 1979; Tate et al., 1979) . Once in the cells, these peptides and amino acids can be used to synthesize GSH and GSSG (Griffith and Meister, 1979) , thus leading to an increase in our system. Pretreatment of LLC-PK1 cells with 50 M GSSG for 1 h also led to significant S-glutathionylation of multiple cellular proteins (with molecular masses of approximately 20, 23, 33, and 40 kDa), which was reduced by coincubation with vitamin C (Supplemental Fig. 2, A and B) . Total S-glutathionylated proteins in the lysate were further quantified by ELISA (Fig. 3A) . PSSG was significantly higher in GSSG-treated cells compared with control (p Ͻ 0.01), and addition of vitamin C significantly reduced it (p Ͻ 0.05). LLC-PK1 cells incubated with GSSG ranging from 5 M to 5 mM showed significant lower cGMP response from NTG stimulation at 50 M and 5 mM (p Ͻ 0.05 versus control, one-way ANOVA; Fig. 3B) . In a follow-up study, pretreating the cells with 50 M GSSG significantly reduced the sensitivity to NTG (p Ͻ 0.001 versus control, one-way ANOVA; Fig. 3C ), whereas coincubation with vitamin C partially and significantly improved the responsiveness of these cells toward NTG (p Ͻ 0.001 versus GSSG, one-way ANOVA).
Effect We examined whether GSSG incubation affected the activity of enzymes that contained critical cysteine groups at their active sites. At 5 mM, GSSG significantly reduced ALDH and CK activities (p Ͻ 0.05, Student's t test; Table 1 ). XOR activity was not altered by GSSG preincubation at this concentration.
Effect of in Vivo NTG Tolerance on Protein S-Glutathionylation. Figure 4A shows the ex vivo NTG concentration-relaxation curves of isolated aorta toward NTG in rats after in vivo tolerance induction over 3 days of subcutaneous drug delivery of NTG. Vascular tolerance was evident, as indicated by the rightward shift of the NTG-relaxation curve compared with treatment with vehicle control. The pEC 50 s for control-and NTG-treated animals were 7.38 Ϯ 0.15 and 6.82 Ϯ 0.36 (p Ͻ 0.01, Student's t test). The levels of Sglutathionylated proteins were 0.98 Ϯ 0.49 and 2.96 Ϯ 1.5 Abs/min for control and tolerant animals (p Ͻ 0.01, Student's t test). The correlation between the pEC 50 values and extent of PSSG in the aorta was statistically significant, with a Pearson correlation coefficient (r) of 0.806 (p ϭ 0.01; Fig. 4B ).
Discussion
Here, we showed that 1) NTG increased nonspecific sulfur uptake and PSSG formation in LLC-PK1 cells; 2) a biomarker of cellular signaling, p21 ras , was significantly S-glutathionylated by NTG exposure in both LLC-PK1 and Ea.hy926 endothelial cells; 3) under tolerance condition, the activities of several thiol-sensitive enzymes were reduced; 4) manipulation of cellular GRX expression indicated that cellular nitrate tolerance was related to the extent of PSSG; 5) GSSG, which promotes PSSG, produced several effects that were observed in nitrate tolerance, namely: diminution of NTG-triggered cGMP response, reduction in thiol-sensitive enzyme activities, and increase in O 2 . accumulation; 6) the tolerance-sparing effect of vitamin C was observed after both nitrate and GSSG preincubation; and 7) increased PSSG was observed in rat aorta when tolerance was induced in vivo, and a moderate correlation was observed between the de- grees of tolerance and S-glutathionylation. These results, taken together, are highly supportive of a crucial role of protein S-glutathionylation in cellular nitrate tolerance. A possible concern of the applicability of this work may arise because we used LLC-PK1 cells, a porcine kidney epithelial cell line, to examine the cellular mechanisms of nitrate tolerance. However, these cells have been used for studying the pathways of nitrate-induced activation and desensitization of cGMP response in several studies Schröder, 1998, 1999; Tsou et al., 2008) and have shown many parallel hallmarks of vascular nitrate tolerance, including the lack of tolerance and cross-tolerance toward strict NO donors such as SNAP, dose-dependent tolerance induction, and tolerance attenuation by vitamin C. We have attempted to examine cellular NTG tolerance in cultured human vascular smooth muscle cells. However, consistent with literature reports (Bennett et al., 1989) , these cells, when cultured, were poorly responsive to NTG.
Our results indicated that NTG, under tolerance-inducing conditions and in the presence of a GSH source, caused nonspecific sulfur incorporation and S-glutathionylation in multiple cellular proteins. Continuous NTG treatment in rats resulted in tolerance and a significant elevation of vascular PSSG. A modest but significant correlation (p Ͻ 0.01) between rat aorta pEC 50 value and PSSG was observed. These results indicate that increased PSSG was associated with nitrate tolerance, both in vitro and in vivo.
We hypothesized that cells overexpressing GRX, an enzyme that regulates PSSG, will be more resistant to tolerance development, whereas those deficient of this enzyme will be more prone to tolerance. We chose GRX-1 because of its specificity in cleaving S-glutathionylated bonds. This enzyme possesses the active motif (Cys-X-X-Cys) for deglutathionylation and has higher activity compared with GRX-3 (Fernandes and Holmgren, 2004) . Figure 2 shows that manipulation of cellular PSSG levels through GRX expression affected the extent of nitrate tolerance in the anticipated direction; thus, increased GRX expression led to less tolerance, whereas suppressed GRX presence enhanced the degree of tolerance.
GSSG is a strong oxidant that promotes PSSG formation (Beer et al., 2004) . We showed that GSSG mimicked several major phenomena of nitrate tolerance, namely, increased cellular PSSG, decreased nitrate sensitivity, inactivation of several thiol-sensitive enzymes, and increased O 2 . production. In addition, coincubation with vitamin C attenuated the extent of GSSG-induced PSSG as well as nitrate desensitization. Thiol-oxidizing agents such as GSSG rapidly inactivated NO-stimulated guanylyl cyclase activity (Braughler, 1983) , suggesting the involvement of sulfhydryl groups in the regulation of its activity. Guanylyl cyclase desensitization might also be a mechanism of NTG tolerance (Waldman et al., 1986) , but this mechanism probably occurs only at very high NTG exposure conditions. Our results are consistent with findings that vitamin C attenuated or reversed nitrate tolerance in animals (Fink et al., 1999; Mü lsch et al., 2001; Wada et al., 2002) . We demonstrated here that vitamin C coincubation also significantly reduced NTG-stimulated [ 35 S]cysteine incorporation and PSSG, indicating that the vitamin C effects on nitrate tolerance might be mediated, at least partially, by alteration of the oxidation status of PSH.
Increased O 2 . production was observed in both NTG-tolerant- (Tsou et al., 2008) and GSSG-treated cells. In both cases, O 2 . production was partially reversed by oxypurinol, a XO inhibitor, suggesting that this enzyme played a contributory role. XO can be converted from xanthine dehydrogenase through SH oxidation (Borges et al., 2002) . In addition, it has been reported that S-glutathionylation of mitochondrial complex I under oxidative stress increased the production of O 2 . (Taylor et al., 2003) . Thus, increased protein SH oxidation and S-glutathionylation, brought about by either NTG or GSSG, can lead to increased intracellular O 2 . production without the obligatory participation of the angiotensin II (Ang II)/NOX pathway (Tsou et al., 2008) . PSSG formation may proceed through several mechanisms (Shelton et al., 2005) , namely, 1) thiol-disulfide exchange between cysteine groups in proteins with GSSG; 2) sulfenic acid intermediates; 3) S-nitrosothiol intermediates; and 4) thiyl radical intermediates, e.g., PS ⅐ or GS ⅐ . Direct interaction between PSH and GSSG only occurs when GSH/GSSG ratios were low. In our experiments, the GSH/GSSG ratios were comparatively high; therefore, thiol-disulfide exchange is unlikely to be operative. However, in the GSSG-treated cells, cellular GSH/GSSG ratios were 20.6 Ϯ 4.4 and 2.04 Ϯ 0.21 when cells were exposed to 0.05 and 5 mM GSSG, thus significant thiol-disulfide exchange might exist under these conditions. In other studies in our laboratory that used mass spectroscopy (A. S. Krishnatry and T. Kamei, unpublished data), we have shown that NTG can induce PSOH formation in proteins and peptides. Sulfenic acid derivatives in proteins can be further oxidized to sulfinic acids and sulfonic acids, which cannot be readily reversed to the reduced PSH by thiol reducing agents (Giustarini et al., 2004) . This phenomenon can provide an explanation why sulfhydryl donors had limited success on reversing nitrate tolerance (Packer et al., 1987; Boesgaard et al., 1994) . Preliminary studies in our laboratory (A. S. Krishnatry and T. Kamei, unpublished data) indeed confirmed the formation of sulfinic and sulfonic acid derivatives when NTG was incubated with several peptides and proteins. The formation of these irreversible oxidation products is consistent with our previous study that showed NTG to be a suicide substrate for purified glutathione transferase from rabbit liver (Lee and Fung, 2003) . These results therefore suggest that NTG-induced PSSG may proceed through sulfenyl intermediates.
We showed here that NTG incubation significantly increased the S-glutathionylation, and thereby activation, of p21 ras in both Ea.hy926 endothelial cells and LLC-PK1 cells. p21 ras is a G protein that plays an integral role in several transduction pathways. Activation of p21 ras by peroxynitrite was shown to be mediated through S-glutathionylation, resulting in its interaction with the downstream targets, Raf-1 kinase and phosphatidylinositol 3-kinase followed by increases in extracellular signal-regulated kinase 1/2 and Akt phosphorylation (Clavreul et al., 2006b) . Increased extracellular signal-regulated kinase phosphorylation mediates cellular proliferation and inflammation and has been implicated in cardiomyocyte and vascular smooth muscle cell proliferation (Muslin, 2008) . In the vasculature, Akt is responsible for phosphorylation and endothelial NO synthase activation, leading to vasodilatation (Bertrand et al., 2008) . In cultured rat vascular smooth muscle cells, Ang II was shown to stimulate the mitogen-activated protein kinase pathway by activating p21 ras (Eguchi et al., 1996) . Later studies suggested the activation was mediated through the stimulation of NOX (Adachi et al., 2004) . The increased oxidative stress led to increased production of S-glutathionylated p21 ras and subsequently the downstream signaling events. The role of Ang II-NOX-induced endothelial dysfunction was proposed in several studies to explain the mechanism of nitrate tolerance (Mü nzel et al., 1995; Mollnau et al., 2002) . We showed in both in vitro and in vivo conditions the Ang II-NOX pathway is not critically involved in nitrate tolerance (Tsou et al., 2008) . In addition, we showed in this study NTG is capable of activating p21 ras through direct S-glutathionylation. Our findings therefore provide a possible link between NTG tolerance and the downstream signaling pathways without the obligatory involvement of the Ang II pathway.
In conclusion, the present study demonstrated that protein S-glutathionylation plays a crucial role in the mechanism of nitrate tolerance. We hypothesize that NTG is bioactivated through its interaction with multiple PSH, producing NO or NO-related species for pharmacological action on the one hand and an oxidized protein with altered function on the other hand. In addition to causing enzyme inactivation and reduced bioactivation (e.g., for ALDH2), NTG produces Sglutathionylated proteins such as p21 ras that potentially contribute to the downstream effects of nitrate tolerance. This mechanism therefore has the potential to explain all the major observations in nitrate tolerance, including reduced pharmacological response, sulfhydryl dependence, impaired biotransformation (through SH oxidation of NTG-metabolizing enzymes such as ALDH2 and CK), oxidative stress (O 2 .
production mediated by XO), altered gene expression, and withdrawal rebound (through redox regulation of S-glutathionylated proteins such as p21 ras ). We believe that this hypothesis can provide a potentially unifying biochemical mechanism for initiation of nitrate tolerance.
